Introduction
The clinical presentation of meningococcal infections caused by Neisseria meningitidis is highly diverse. Invasive infections usually result in meningococcaemia, meningitis, or both [1, 2] . Meningococcal disease (MD) remains one of the most important infectious causes of death in industrialized countries [1, 2] . Mortality rates of patients with severe meningococcal sepsis may reach up to 40-50%, and those that survive may have severe complications that often require amputation and/or skin grafting [2] . The bacterium, Neisseria meningitidis, is only found in human hosts, and asymptomatic carriage can exceed 70% during outbreak situations [3] . The pathophysiology consists of a complex interaction of bacterial and host factors, triggered mainly by the release of endotoxin [3] . Individual response to meningococcal lipopolysacharides involves also non-immunological mechanisms and the activation of three main cascade reactions, the complement system, the coagulation and fibrinolysis pathways, and the inflammatory reaction mediated by different cytokines and chemokines [4] . Besides, many studies already support the idea that genetics plays an important role in MD (see [5] for a recent review). In this sense, we might hypothesize that mitochondrial genetic background could be one of these host genetic factors determining the response to Neisseria meningitides infection and the individual course of meningococcal disease.
Mitochondrions contain multiple copies of mtDNA genomes. Each double-stranded circular mtDNA molecule consists of approximately 16569 base pairs (bps) encoding 37 genes: thirteen polypeptides (subunits of Complex I, III, and IV plus the ATP synthase complex), two ribosomal RNAs (rRNAs), and 22 transfer RNAs (tRNAs). The mtDNA is inherited through the matriline as a haplotypic block. In the jargon of population geneticists, clusters of closely-related mtDNA haplotypes are known as haplogroups (hgs). During the last two decades, population geneticists have comprehensively investigated the evolutionary patterns of worldwide mtDNA hgs, so that nowadays there is good knowledge of the global mtDNA phylogeny and the polymorphisms defining main and minor branches of the tree (basal motifs) (see e.g. [6, 7, 8, 9, 10, 11, 12, 13, 14, 15] ), as well as positional-mutation rates [16] . On the other hand, several sporadic or inherited mtDNA mutations are responsible for a number of mtDNA diseases (Leber's hereditary optic neuropathy [LHON] , Leigh syndrome, etc) [17, 18] . In addition, genetic variation of mtDNA has also been linked to several multi-factorial diseases (e.g. [19, 20] ) although some of their conclusions have been questioned (e.g. [7, 11, 21] ).
The mtDNA variation has already been investigated in several infectious diseases. For instance, in an adult AIDS clinical trials group study, Hulgan et al. [22] claimed that the typically European hg T was involved in peripheral neuropathy during antiretroviral therapy. The results of Hendrickson et al. [23] suggest that mitochondrial genes are important indicators of AIDS disease progression in HIV-1 infected persons. Houshmand et al. [24] did not detect statistical significant differences between tuberculosis patients (N = 54) and a control group (N = 256) in a case-control study. MtDNA predisposition to sepsis has also been investigated in several studies. Thus, Baudouin et al. [25] , by analysing 150 individuals who were sequentially admitted to an intensive care unit in the UK and 542 age-matched controls, determined that mtDNA hg H was a strong independent predictor of outcome during severe sepsis, conferring a 2.12-fold (95% CI 1.02-4.43) increased chance of survival at 180 days compared with individuals without hg H. More recently, Yang et al. [26] claimed that hg R can predict survival advantage in severe sepsis, a conclusion derived from the prospective analysis of 181 Han patients recruited in an intensive care unit.
There are major causes of type I errors in population-based association studies, such as hidden population sub-structure or inadequate correction for multiple testing [27, 28, 29, 30, 31, 32, 33] . The confounding effect of population sub-structure is particularly problematic in mtDNA studies because variation is strongly stratified in populations owing to its smaller effective population size in comparison with autosomal markers. For instance, it is well known from population genetic studies that several mtDNA variants are strongly stratified in the Iberian Peninsula, such as hg V, H1a, H3 and H5 that are highly prevalent in the FrancoCantabrian refugee [6, 34, 35, 36] ; therefore, the Spanish population cannot be considered a single homogeneous population. Multi-centric studies involving dozens of laboratories and different medical specialists can help to add extra 'noise' to the sampling collection; for instance, the use of subjective criteria to assign ethnic classes to patients or assignment of ethnicity based on selfreported ancestry [37, 38] might contribute to increase stratification in mtDNA studies.
The present study aims to evaluate the potential pathogenic role of well-known mtDNA variants in MD. In contrast with most typical mtDNA case-control association studies, the additional goal of the present project was to further investigate the effect of confounding factors (such as stratification) in determining the apparent association of particular variants with the disease.
Results

Ancestry Assessment of Patients
Analysis of ancestry in patients was assessed by use of a classification group of population samples of known African, American, and European ancestry. As indicated in Figure 1 , most of the cases have European ancestry; the average European membership in cases was 95% (SD: 10%), virtually equal to the values obtained for a typical European dataset. PCA plot (Figure 1) indicates that meningococcal patients clearly cluster in a single group, as evidenced also by the African and American samples. The amount of variation accounted by the PC1, PC2, and PC3 was ,29%, ,17%, and 13% respectively; ,59% in total.
Evaluating the Potential Association of mtDNA Haplogroups and Clinic-Pathological Variants A total of 39 individuals were eliminated from the main statistical analyses (including fourteen gypsies) on the basis of nonSpanish self-reported ancestry or based on the results of AIMs indicating European membership lower than 95%. Association analysis was performed for the remaining 268 cases against CG1 (N = 917). The power to detect odds ratios as low as 1.6 for mtSNPs and considering an average population minimum allele frequency (MAF) of 20% (lower than the average MAF in CG1) was 92%. Pearson's chi-square or Fisher's exact tests were used to assess association. We adjusted for multiple tests by implementing a permutation procedure as done in [21] and using 20,000 permutations. Association analysis of cases with CG1 suggested an overrepresentation of the synonym mtSNP G11719A variant (Pearson's chi-square test; adjusted P-value = 0.0188; OR [95% CI] = 1.63 [1.22-2.18] ) with respect to CG1 ( Table 1 ). The logical way to confirm this positive association is to explore a second independent sample of patients. Because, however, the prevalence of the MD is low (in contrast with other common complex diseases), recruitment of a second independent sample was not possible. The present study is in fact, to our knowledge, the largest series of MD patients analysed to date in genetic studies. The alternative way to replicate the association of G11719A variant with the disease is to explore a second sample of controls. Therefore, cases were compared against a second series of ethnicity-matched controls (CG2; N = 616); the power to detect ORs as low as 1.6 for mtSNPs (MAF = 20%) using CG2 was 88% ( Table 1 ). The association of G11719A observed in comparison of cases and CG1 could not be replicated with CG2. Instead, the A4769G variant appears as statistically significant, although marginal (Pearson's chi-square test; adjusted P-value = 0.0469) given a nominal value of significance of a = 0.05.
Analysis of population mtDNA data obtained from healthy individuals representing several Spanish geographical regions supports the spurious nature of the seeming positive association found in cases versus CG1 for the polymorphism G11719A (Text S1). The seeming association could be most likely due to the confounding effect of population stratification; in particular, the frequency of G11719A in CG1 is unusually low (Text S1). Other consideration about the harmful effect of population stratification in mtDNA case-control disease studies are commented in Text S1.
Analysis of association between hg status of patients and controls was also carried out ( Table 2 ).The best P-value was obtained for hg R (0.005), which is however non statistically significant when correcting for multiple test using Bonferroni (adjusted significant value a = 0.00058).
Among the several clinical variables analysed in the present study (Table 3) , acute respiratory distress syndrome (ARDS) was found to be strongly associated with hg U (multinomial logistic regression; unadjusted P-value = 0.0025) being a strong predictor of increasing risk to ARDS (OR [95% CI] = 12.58 [2.41-64 .93]); however, this association was lost when we adjusted the model using Bonferroni's correction and considered the full set of hypotheses tested in the study.
Discussion
Recent studies indicate that mitochondrial dysfunction plays a role in the pathogenesis of a number of human diseases. Variation in the mtDNA genome has been suggested as a risk factor in several complex and common multi-factorial diseases. The present study aimed to analyse the potential role of several known mtSNPs as susceptibility factors in MD. We first filtered out from the statistical analysis the non-Spanish patients (excluding also those patients with non-Spanish mothers and/or grandmothers). Patients with a nonEuropean self-reported ancestry or a non-European genetic background, assessed by a set of AIMs in cases and CG2, were also excluded from the study. These two initial criteria were rigorously applied in all patients in order to reduce as much as possible the potential confounding effect of hidden population stratification.
Statistical analysis of cases and CG1 indicated that polymorphism G11719A could be a strong indicator of susceptibility risk to MD. A second round of analyses using an independent series of controls (CG2) could not, however, confirm the initial finding, and instead suggested another mtSNP candidate with a marginal significant Pvalue, namely A4769G. We claim that the most plausible scenario that would explain this ambiguous result is the effect of residual hidden population stratification that could not be 'erased' by use of the tools described above because (i) the AIMs employed in the present study were not originally designed to detect differences within European populations and are probably even less efficient at detecting patterns of variation within Iberia; to our knowledge, such an ideal panel able to detect stratification on the geographic scale considered in the present study does not exist; and (ii) it is also possible that the detection of stratification using autosomal SNPs (e.g. Genomic Control) [32, 53, 54] is not at the level of resolution needed to detect population substructured patterns in mtDNA variability. Moreover, a proper implementation of a Genomic Control would require the use of various hundreds of autosomal SNPs (especially in markers strongly stratified as it is the case of mtDNA), which contrast with the few SNPs that are usually interrogated in case-control mtDNA studies. The use of AIMs, as done in the present study, could be a reasonable solution at least to detect obvious (genomic) outliers, but a more sensitive set of AIMs would be needed to detect stratification at the level of more homogeneous populations such as those from Spain mainland.
Our study concludes that mtDNA does not seem to play a role in MD susceptibility, course or prognosis; at least from the point of view of the mtSNPs analyzed in the present study and the population samples considered. However, the present study indicates that evidences of positive associations can arise from deficient sampling procedures or a lack of special care in consideration of the potential confounding effects of population sub-structure in mtDNA studies. In our particular study, it was not possible to recruit a second independent collection of cases, owing to the relatively low prevalence of MD; note however that the present study is, to our knowledge, the largest MD cohort analysed to date for a genetic condition. This fact led us to consider a second group of matched controls to replicate the positive signal of association observed in the first control group; however, this time our best candidate mtSNP did not show evidences of association. Therefore, the use of two different control groups from the Iberian Peninsula has allowed us to rule out the presumable association of G11719A with MD. In addition, the use of a moderate approach to correct the undesirable effect of multiple tests in the inflation of type I error has also allowed us to avoid false claims of association of hg U with ARDS, a serious reaction to various forms of injuries to the lung and strongly related to MD patients. Our results also indicate that genotyping bias could also contribute undesirably to a false positive result in mtDNA association studies (see Text S1). Random variation of the test statistics could also explain at least in part the discrepancy observed between CG1 and CG2. Spurious associations can easily arise from hidden minor levels of population stratification, even after those patients with a different genetic background have been filtered out. The risk of false positives owing to stratification is particularly high in mtDNA studies because the effective population size of this marker is lower than autosomal ones, and therefore mtDNA variability is more deeply structured in human populations. All together, these results suggest that more sensitive AIMs, suitable for detecting stratification within more restricted geographical locations (within the Spanish territory), would be needed in future studies. Special care must be taken in mtDNA association studies of multi-factorial diseases to avoid false claims of association.
Materials and Methods
Ethics Statement
The study was conducted according to the Spanish Law for Biomedical Research (Law 14/2007-3 of July) and complied with the Declaration of Helsinki. The study and the use of archive samples for this project were approved by the Research Ethics Committee of Galicia and the Ethics Committee of the University of Santiago de Compostela. Written informed consent was obtained from all patients. All the samples were collected anonymously.
Study Subjects
A prospective controlled study performed through a national research network on MD (ESIGEM network -http://www. esigem.org) that includes 41 Spanish paediatric intensive care units was carried out between January 2006 and July 2008.
Cases were 307 paediatric patients with MD; the mean age at diagnosis was 3.7 years (SD: 3.9). More than 200 parameters of clinical interest were obtained from each patient, including demographic, clinical, analytical, and prognostic data. Among these variables we included: (1) clinical data such as diagnosis and clinical presentation, vaccination status, time from starting symptoms to admission, length of stay at the paediatric critical care unit and at the hospital ward, mortality, morbidity, treatment, and also two scores (Paediatric Risk of Mortality Score, and Meningococcal Septic Shock Score); (2) microbiology data such as serogroup, serotype and place of isolation; and (3) laboratory data comprising white and red cells, platelets, glucose, creatine, sodium, potassium, pH, PaO 2 /FiO 2 , calcium, coagulation test and procalcitonine. However, in order to minimise the number of hypotheses tested, only a selection of the 25 most important ones was used for comparison with the hg status of patients (Table 3) .
Two different ethnicity-matched control series were used. The first series (CG1) comprised 917 Spanish individuals, including breast cancer patients and controls that were previously employed in [21, 39] ; a sub-sample of the CG1 was previously tested for population stratification by means of a panel of neutral autosomal SNPs [40] . The second control series (CG2) included 616 new genotyped Spanish individuals. A third group composed of 597 sporadic breast cancer cases and controls (CG3), collected in the Canary Islands, was additionally used to test some additional hypotheses (see below). Genotypes in the cases and controls series were re-checked by two independent analysts in order to minimise the probability of genotyping errors. Ambiguous calls were eliminated from the analysis.
mtSNP Selection
All the samples were genotyped for a set of 25 mtSNPs, some of them representing main branches of the European mtDNA phylogeny, such as hg H, U, K, etc.; the panel fully overlapped with the mtSNPs genotyped in [21] . The test was carried out for those (sub)hgs with frequences above 5% in the control groups and also the well-known branches of the West European/Iberian phylogeny I, V, and W. Note that hg frequencies were inferred using the information from the whole haplotype available; this is why for instance, the frequency of hg R0 does not match with the frequency of G11719A. doi:10.1371/journal.pone.0008347.t002
Ancestry Test
A panel of 34 autosomal AIMs was used to assess ancestry in cases and CG2. These SNPs exhibit highly contrasting allele frequency distributions between major population groups. Assignment of population membership of our Spanish patients into African, Native American, and European ancestry was assessed by [42] ; see also [43] ) [33] was used to estimate the proportion of inferred ancestry of individuals (membership) into Europe, America, and Africa groups. This information was employed to monitor the effect of population stratification in association tests. Runs consisted of 200,000 Markov Chain steps after a burn-in of length 200,000 with five replicates for each K value from two to six. The a posteriori probability of K equal to three was virtually one.
AIMs variability was also analysed by Principal Component Analysis (PCA). A modified version of the R library SNPassoc [44] that allows for tri-allelic SNP status was used.
Minisequencing Genotyping
All the samples were genotyped according to the protocols described in [45, 46] for the mtSNPs and according to [41] for the AIMs. In both cases, the genotyping method was based on a minisequencing SNaPshot approach. MtDNA haplotypes were checked by a phylogenetic-based approach as performed in previous studies [47, 48, 49, 50, 51] , in order to minimise the probability of genotyping errors.
Association Tests
Associations were assessed for individual mtSNPs by comparison of allele frequencies between cases and controls for the two control series separately (CG1 and CG2), and with a one degree of freedom chi-square test, or Fisher's exact test for cell counts below five. A permutation test was used to address the issue of multiple testing in mtSNP association tests. Unconditional logistic regression was used to model the effect of hg status in clinical variables, as well as to model the effect of these variables with respect to ancestry proportions of patients. Multinomial logistic regression was used to test association in the case of clinical variables of multinomial nature.
The statistical packages Stata v.8 (http://www.stata.com/) and R (http://www.r-project.org/) were employed to carry out most of the statistical analysis. Multinomial logistic regression was computed by means of the R library vglm.
Power calculations were performed in the Quanto software [52] . Power is computed under allelic principles that do not necessarily fulfil the specific conditions affecting mtDNA variants. There is however no other option available that is specifically designed to compute power in mtDNA case-control disease studies.
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